Abstract. We present the latest results on the search for bottom baryon states Σ b using ∼ 1 fb −1 of CDF data. The study is performed with the world's largest sample of fully reconstructed Λ 
Introduction
High energy particle colliders provide a wealth of experimental data on bottom mesons. However, only one bottom baryon, the Λ 0 b , has been directly observed [1, 2, 3, 4] . Heavy baryons containing one heavy quark and a light diquark became a nice 3-body laboratory to test QCD models. In the limit of heavy quark mass m Q → ∞, heavy baryons' properties are governed by the dynamics of the light diquark in a gluon field created by the heavy quark acting as a static source. The heavy baryon like Λ 0 b can be considered as a "helium atom" of QCD. In this Heavy Quark Symmetry (HQS) approach [5] at the heavy quark limit a heavy quark spin does not interact with the gluon field, the spin decouples from the degrees of freedom of the light quark and the quantum numbers of the heavy quark and the light diquark are separately conserved by the strong interaction. Consequently the light diquark momentum j= s+ L, the heavy quark spin s Q and total momentum J Qqq = s Q + jare considered as good quantum numbers. Based on the HQS principles an effective field theory was constructed where 1 m Q corrections can be systematically included in the perturbative expansions. The theory was named as Heavy Quark Effective Theory (HQET) (see [6] and references therein).
For the bottom Q ≡ b baryons with a single heavy quark and two light ones (see Table 1 ) the bottom quark spin, s Q = The combination of an orbital momentum L= 1 − of a diquark with its spin of s= 0 + adds to the spectroscopy a number of excited P -wave bottom Λ -states. The lowest lying orbital excitations are Λ * 0 b with J P = 
Theoretical expectations for ground bottom baryon states are summarized in Table 2 . The calculations have been done with non-relativistic and relativistic potential quark models, 1/N c expansion, quark models in the HQET approximation, sum rules, and finally with lattice QCD models [10] .
In a physics reality m Q is finite and a degeneration of a {Σ b , Σ * b } doublet is resolved by a hyperfine mass splitting between its states. There is also an isospin mass splitting (see Table 2 ) between members of Σ b and Σ * b isotriplets [11, 12, 13, 14] . As it was pointed out [14] the value of the isospin splitting within Σ b triplet does differ from Σ * b triplet, namely (Σ * + b
This number contributes to systematic uncertainty of our experimental results (see Section 5). [7, 8, 9] ). Λ * 0 b single-pion transitions to Λ 0 b are forbidden due to isospin conservation and also by parity (for the higher J P = b and well above a threshold for a single-pion mode, we would expect that the single-pion P -wave transition will dominate the total width [15, 16] . The authors [16] find
where p π is the three-momentum of soft candidates are searched in the decay chain 2 :
with both Λ 0 b → Λ + c π − and its daughter Λ + c → pK − π + in weak decay modes.
To remove a contribution due to a mass resolution of each Λ 0 b candidate and to avoid absolute mass scale systematic uncertainties, the Σ ( * )± b candidates are reconstructed in the mass difference Q-value spectra defined as
The narrow signatures are searched for in the Q-spectrum constructed separately for every charge state of Σ signal region at Q-value spectrum is defined as 30 MeV/c 2 < ∼ Q < ∼ 100 MeV/c 2 , based on the theoretical expectation (see Table 2 ). We pursued a blind analysis and developed the Σ ( * )± b selection criteria using only the pure background sample in the upper and lower sideband regions of 0 MeV/c 2 < ∼ Q < ∼ 30 MeV/c 2 and 100 MeV/c 2 < ∼ Q < ∼ 500 MeV/c 2 . The signal was modeled by a PYTHIA [21] Monte Carlo.
Triggers and Datasets
Our results are based on data collected with the CDF II detector [18] and corresponding to an integrated luminosity of ∼ 1.1 fb −1 . As pp collisions at 1.96 TeV have an enormous inelastic total cross-section of ∼ 60 mb, while b-hadron events comprise only ≈ 20 µb (|η| < 1.0), triggers selecting b-hadron events are of vital importance. Our analysis is based on a data sample collected by a three-level Two displaced Track Trigger. It reconstructs a pair of high p T > 2.0 GeV/c tracks at Level 1 with the CDF central tracker and enables secondary vertex selection at Level 2. This requires each of the tracks to have an impact parameter measured by the CDF silicon detector SVX II [19, 20] to be larger than 120 µm. The excellent impact parameter resolution of SVX II makes this challenging task possible. The trigger proceeds with a full event reconstruction at Level 3. The Two displaced Track Trigger is efficient for heavy quark hadron decay modes (see Figure 2 and its caption). 
Event Selection
The right side band consists from a combinatorial background. have been subjected to a common vertex fit.
Σ b Candidates and Signals
The Σ ( * ) b analysis cuts are optimized according to a blind analysis technique using the upper and lower sideband regions (see a Section 4) of experimental Q-value spectrum while the signal is modeled by a PYTHIA [21] . The following kinematic and topological variables are used : p T (Σ b ), the soft pion track impact parameter significance |d 0 /σ d 0 | (π Σ b ), and the polar angle of the soft pion in a Σ b -rest frame, cos (bottom plot) subsample the excess is 108 over 298 expected background candidates.
The Q-value spectra with blinded signal region are shown in Figure 4a with its detailed caption. In the Σ Upon unblinding the Q signal region in both spectra we observe an excess of events over the background as shown in Figure 4b with the details explained in the caption. The alternative hypothesis is estimated using all systematic variations of the background and signal functions. The variation with the largest value of L alt corresponding to the least favorable hypothesis is taken.
Systematic uncertainties on the mass difference and yield measurements fall into three categories: mass scale, Σ 
) between data and PDG [17] . The uncertainties on the background come from the assumption on the sample composition of the Λ 0 b signal region, the normalization and functional form of the Λ 0 b hadronization background. The systematic effects related to assumptions made on the Σ ( * )± b signal parameterization are: underestimation of the detector resolution in Monte Carlo, the accuracy of the natural width prediction from [16] , and the fit constraint that (Q Σ * + b
) [14] . All systematic uncertainties on the Q Σ where the systematic uncertainties are now dominated by the total Λ 0 b mass uncertainty. The significance of the signal is evaluated with two methods: using statistical Monte-Carlo pseudo-experiments and comparing the likelihoods of the default four signal hypothesis with pessimistic alternate ones. The randomly generated background samples are fit with the four signal hypothesis. The probability for background to produce the observed experimental number of signal events or more is found to be less than 8.5 × 10 −8 , corresponding to a significance of greater than 5.2 σ. The results on study of likelihood ratios are summarized in a Table 3 and its detailed caption.
Conclusions
In summary, using a sample of ∼ 3100 Λ 0 b → Λ + c π − candidates reconstructed in 1.1 fb −1 of CDF II data, we search for resonant Λ 0 b π ± states. We observe a significant signal of four states whose masses and widths are consistent with those expected for the lowest-lying charged Σ 
